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Abstract 
The heat fluxes generated by cutting processes lead to thermal deformations in the tools. Particularly, in precision machining it is essential to 
know the amount of the process heat and its distribution of heat fluxes into tool, workpiece and chips. This paper presents an extended method-
ology for the calculation of these heat fluxes in machining operations. Additionally, by comparison of experimental results with finite element 
simulations, the thermally caused tool center point (TCP) displacements in turn-milling operations are discussed. Furthermore, the influence of 
cooled air on TCP displacements is shown. 
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1. Introduction 
The heat generation in machining and the resulting heat 
fluxes inside the machine tool affect the TCP location and, in 
turn, the positioning accuracy [1,2]. The requirements of high 
machining accuracy are reinforced by the trend towards high 
performance cutting (HPC) and dry machining or minimum 
quantity lubrication. In order to correct and compensate ther-
mally induced TCP displacements, it is necessary to know not 
only the magnitude of the machining heat source, but also the 
partitions of the heat fluxes between tool, workpiece and chip. 
In literature there are very different statements on the heat 
partition ratios. For instance, the heat partition ratio for tools 
varies – depending on the cutting process – from 1 to 20% [3-
6].  
Direct measurement of the cutting temperature and gener-
ated heat flux is either not possible at all or only possible with 
tremendous effort under certain process conditions [7]. Ana-
lytical models can help to determine temperature distribution 
and heat flux in the cutting zone. However, these models are 
based on simplified assumptions, thus they are transferable to 
most machining processes only to a limited extent.  
The thermo-mechanics of machining can be simulated by 
the finite element method (FEM) [8]. FE modeling has no 
principal limitations in the geometry of the tool and the cutting 
zone, but it requires profound knowledge about material be-
havior, thermo-mechanical contact and boundary conditions. 
Despite comprehensive in-depth studies, these models are by 
far not available for all machining processes, materials, work-
tool combinations, and they demand verification by experi-
ments. 
In this study, first, the developed for continuous machining 
processes calculation method of heat fluxes and partition rati-
os [9,10] is extended to interrupted machining operations. 
Next, an example regarding the effects of cutting temperatures 
and heat fluxes in turn-milling operation is discussed. Experi-
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mental measured and simulated thermally induced TCP dis-
placements are compared. It arises that the most crucial pa-
rameters in the heat balance and TCP displacement simula-
tions are the heat transfer coefficients (HTC) between tool and 
workpiece and to the surrounding. 
2. Heat flux assessment by chip formation modeling 
2.1. FE model of the cutting process  
Fig. 1 illustrates a 2D turning model using DEFORMTM 
with mesh refinement areas for the tool and the cutting edge 
of the tool. 
The tool-workpiece contact is modelled by shear friction. 
Most of the process heat power is produced by plastic defor-
mation of work material. The amount of heat dissipating into 
the tool via contact depends on the contact HTC αTool_WP. Most 
of the other thermo-mechanical and thermo-physical material 
data Vy (yield stress) of workpiece material, O (heat conduc-
tivity) and ρcp (heat capacity) for both tool and workpiece 
materials were taken from the material database of the soft-
ware. 
2.2. Determination of heat fluxes in simulation 
As a rule, in transient chip formation modeling, a thermal 
equilibrium cannot be achieved in the tool and the workpiece. 
However, in order to determine the heat fluxes it is sufficient 
to model only a small part of both the tool and the workpiece. 
The calculated heat fluxes can be used as transient thermal 
boundary conditions in separate structural FE simulations of 
tool and workpiece behavior [9,10]. Thus it is not only possi-
ble to calculate the TCP displacements related to the tool and 
the workpiece, but also to balance the heat fluxes dissipating 
into the machine tool. 
  
Fig. 1. Integration areas and cross-sections for heat flux calculations  
Based on the calculated nodal temperatures and material 
flow velocities, the heat fluxes PWP and PChip into the chip and 
into the workpiece, respectively, can be approximately calcu-
lated using the heat which flows through cross-sections of the 
chip and of the workpiece as shown in Fig. 1. The cross-
sections through workpiece and chip are divided by points Xi, 
i=1,2,..n resp. Yj, j=1,2,..m.  
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where Ti stands for the average temperature in the section 
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normal vector on the section (analogous formula for PChip).  
The heat flux into the tool is estimated by the change of 
heat content in the tool integration area ΩTool in the time inter-
val ݐ߳ሾݐ௜ିଵǡ ݐ௜ሿ as follows: 
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Furthermore, on all boundaries shown in Fig. 1 adiabatic 
boundary conditions were assumed which is a valid approxi-
mation for high cutting speeds. Because dissipating heat into 
the environment is not allowed in the model all of the gener-
ated heat is kept in the tool, the workpiece and the chip. This 
results in slightly higher temperatures in the integrated areas, 
but it correctly represents the balances, in particular the heat 
fluxes.  
2.3. Extension for interrupted cutting processes 
Fig. 2 shows a 2D analysis in DEFORM which represents 
the down-milling operation. The material of tool is uncoated 
carbide whereas the workpiece material is AISI 1010. The 
cutting conditions are as follows: vc=100 m/min, f=0.1 
mm/tooth, radial DOC=3 mm and the axial DOC=5mm.  The 
real cutting length is scaled with a factor of 4 in order to de-
crease the computation time.  
 
Fig. 2. 2D DEFORM analysis of down-milling operation   
By using the method with equations (1) and (2) the time 
dependent heat fluxes and their partition ratios can be calcu-
lated. Fig 3 shows the resulting temporal behavior of heat 
fluxes and their partition ratios. Since the chip thickness de-
creases the heat flux values have the same tendency. At the 
end of engagement the chip thickness tends to zero leading to 
an increasing heat flux partition into the workpiece in compar-
ison with the chip whereby the partition of the tool remains 
small (<5%). 
 
Fig. 3. By 2D DEFORM analysis calculated heat fluxes and partition ratios in 
milling during one tooth engagement  
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An important parameter in the FE analysis of heat fluxes is 
the HTC between workpiece and tool. Up to now, the simula-
tions used the DEFORM default value of αTool_WP=45 
kW/m2K. However, in many studies in literature it is claimed 
that the HTC has to be set to a large value which guarantees at 
both sides of the contact surface the same temperature 
[11,12]. That’s why the analysis was repeated with a HTC of 
50000 kW/m2K. It arises that the HTC has a big influence on 
heat flux into the tool (Fig. 4) whereby the changes of heat 
flux changes into workpiece and chip are less than 5%. 
 
Fig. 4. Effect of HTC on heat flux into the tool 
3. Thermally induced TCP displacements in turn-milling 
The theoretical investigations about the influence of heat 
fluxes on TCP displacement were verified in turn-milling 
experiments combined with FE modeling [13]. The measured 
cutting forces are compared with simulated ones using a 
mechanistic approach [14]. Using these forces and the heat 
partitioning results of chapter 2 the heat flux into tool can be 
assessed. This flux is applied to the cutting edge of the tool 
and the transient heat conduction problem is solved by FEM. 
Finally the TCP displacement values are determined and 
compared with those obtained by experiments.  
3.1. Experiments 
Fig. 5 shows the experimental set-up on a GMX 250 ma-
chine tool on which two test series were performed: the first 
under dry cutting conditions, the second under conditions of 
pressurized cooled air (measured temperature of the air be-
tween -6 to -8 °C). The other parameters were as follows: 
workpiece material induction hardened EN-GJS-600-3 cam-
shaft material, tool with CBN insert, rake angle γ = 0°, clear-
ance angle α = 7°, inclination angle λ = 0°, radius of the cut-
ting tool rTool=11.9 mm, radius of workpiece rWP=30 mm, 
spindle speed n= 6000 rev/min, depth of cut ap= 0.1 mm, feed 
per tooth fz = 0.114 mm/rev and eccentricity e = 4.5 mm. 
 
Fig. 5. Setup of turn-milling experiments 
Both experiments – dry turn milling with and without 
cooled air – were repeated 14 times. During all 28 tests the 
following measurements were done:  
x cutting forces measurements using a dynamometer;  
x TCP displacement measurements in axial direction at a 
defined position on the tools front face (at the beginning of 
each test, t=0, and after 10 cutting passes at the end of the 
test, t=246.7 s, cutting cycle is shown in in Fig. 7); 
x temperature measurement of the tool using a thermograph-
ic camera after the last displacement measurement.  
3.2. Cutting forces and heat flux 
The cutting forces can be calculated mechanistically as 
functions of the uncut chip area and cutting constants as ex-
plained in detail in [13,14]. Measured and simulated forces 
and moments show a good match (Fig. 6). 
 
Fig. 6. Cutting force comparison of simulation and experiment 
The averaged cutting force Fc,avgd in the tooth engagement 
angle interval  ߮߳ሾʹͷιǡ ͳͷͲιሿ is 1290 N. In a machining pro-
cess approx. 95% of the mechanical work ௠ܲ௘௖௛ǡ௔௩௚ௗ ൌ
ܨ௖ǡ௔௩ௗ כ ݒ௖is transformed into heat. With an average cutting 
speed vc,avgd=225 m/min, the averaged total heat flux is  
Pthermal= 1595 W. As a conclusion of the FE heat flux model-
ing, approx. 4% of this flux goes into the tool, i.e. 
PTool,avgd=64 W.  
3.3. Simulation of transient heat conduction and TCP 
displacement 
In order to calculate TCP displacements at the tool tip and 
compare them with measured ones a 3D FE model of the tool 
was developed (Fig. 7).  
 
Fig. 7. Tool geometry and heat source area for transient heat transfer analysis 
The axial expansion of the tool tip has been calculated dur-
ing the transient thermo-elastic analysis over the whole time 
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interval between the two measurements of TCP displacement. 
Thermal boundary conditions are the averaged heat flux 
PTool,avgd=64 W during the cutting periods accompanied by 
cooling cycles between cutting periods. 
Like shown in Fig. 8 the thermo-mechanical behavior of the 
tool depends significantly both on the heat flux into the tool 
and on the HTC to the surrounding (air resp. cooled air). The 
contact HTC between shaft and insert is set as 40 kW/m2K.  
 
Fig. 8. TCP displacement comparison between simulation and experiment 
The experimental conditions allowed only the measurement 
of tool elongation and temperature changes between begin 
and end of each experimental cycle but not their temporal 
developments. Using the proposed by simulation heat flux 
value of 64 W the best match gave an HTC of 85 W/m2K for 
dry cutting and 100 W/m2K when using cooled air of tem-
perature -8°C. The additional curves in Fig. 8 show how in the 
simulation model the heat flux value and the HTCs to the 
surrounding influence the TCP displacement during the cut-
ting cycle. New experiments must be designed in order to 
calibrate these parameters.  
The simulated temperature show a good match with meas-
ured ones (Fig. 9). As only after opening of machine tool 
housing the temperature could be measured by thermography 
only the final temperature fields can be compared. Future 
experiments will remedy this lack.  
4. Conclusions and outlook 
This paper shows how heat fluxes and resulting TCP dis-
placements can be determined by means of numerical simula-
tion. The developed model is able to calculate heat fluxes both 
in continuous and interrupted cutting. These heat fluxes can 
be used in other FE models to predict the thermally induced 
displacements.  In this model it is also shown that modeling of 
the heat transfer coefficient is essential for the determination 
the heat flux into tool. 
On the base of turn-milling experiments and numerical 
simulations the importance of thermally induced TCP dis-
placements was shown. These displacements can be consider-
ably reduced by using pressurized cool air.  
However, the carried out until now experiments show 
some lack in modeling of a realistic heat flux into tool and of 
the heat transfer coefficients between workpiece and tool and 
to the surroundings. Further experimental and simulation 
studies, based on conventional milling operation, will help to 
overcome these problems. 
 
Fig. 9. Comparison of measured and simulated temperatures (dry cutting, 
simulation with 64 W heat flux and HTC 85 kW/m2K)  
Acknowledgement 
The authors would like to thank the German Research 
Foundation (DFG) for the financial support within the Col-
laborative Research Centre Transregio 96 (SFB TR96). 
References 
[1] Neugebauer R (2012) Werkzeugmaschinen – Aufbau, Funktion und 
Anwendung von spanenden und abtragenden Werkzeugmaschinen. 
Springer, Berlin, Heidelberg  
[2] Großmann K (Ed.) (2015) Thermo-energetic Design of Machine Tools, 
Lecture Notes in Production Engineering, Springer 
[3] Tönshoff HK, Denkena B (2004) Spanen: Grundlagen. Springer, Berlin, 
Heidelberg 
[4] König W (2008) Fertigungsverfahren 1: Drehen, Fräsen, Bohren. 
Springer, Berlin, Heidelberg 
[5] Pabst R, Fleischer J, Michna J (2010) Modelling of the heat input for 
face-milling processes. CIPR Annals 59(1): 121-124 
[6] Umbrello D, Filice L, Rizzuti S, Micari F, Settineri L (2007) On the 
effectiveness of finite element simulation of orthogonal cutting with 
particular reference to temperature prediction. J Mater Process Technol 
189:284–291 
[7] Davies MA, Ueda T, M'Saoubi R, Mullany B, Cooke AL (2007) On The 
Measurement of Temperature in Material Removal Processes. CIRP 
Annals - Manufacturing Technology 56(2): 581-604 
 [8] Arrazola PJ, Özel T, Umbrello D, Davies M, Jawahir IS ( 2013) Recent 
Advances in Modelling of Metal Machining Processes. CIRP Annals - 
Manufacturing Technology 62(2): 695-718 
[9] Semmler U, Bräunig M, Drossel WG, Schmidt G, Wittstock V (2014) 
Thermal Deformations of Cutting Tools: Measurement and Numerical 
Simulation. Prod. Eng. Res. Devel. 8: 543-550 
[10] Putz M, Schmidt G, Semmler U, Dix M, Bräunig M, Brockmann M, 
Gierling S (2015) Heat Flux in Cutting: Importance, Simulation and 
Validation. 15th CIRP CMMO. Procedia CIRP 31: 334-339 
[11] Bäker M (2006). Finite element simulation of high-speed cutting forces. 
Journal of Materials Processing Technology. 176(1): 117-126. 
[12] Umbrello D, Filice L, Rizzuti S, Micari F, Settineri L (2007). On the 
effectiveness of finite element simulation of orthogonal cutting with 
particular reference to temperature prediction. Journal of Materials 
Processing Technology. 189(1): 284-291. 
[13] Putz M, Ihlenfeldt S, Karagüzel U, Semmler U, Budak E, Bakkal M, 
Wertheim R (2015) Improving performance of turn-milling by controlling 
forces and thermally induced too-center point (TCP) displacements. 13th 
Global Conf. an Sust. Manuf., Ho-Chi-Minh City, Vietnam, 16-18 Sept  
[14] Karagüzel U, Uysal E, Budak E, Bakkal M (2015) Analytical modeling 
of turn-milling process geometry, kinematics and mechanics. Int. J. Mach. 
Tools Manuf. 91:24:33 
 
